Inactivation of hepatitis A virus (HAV) in Dulbecco's modified Eagle medium with 10% fetal bovine serum was studied at pressures of 300, 350, and 400 MPa and initial sample temperatures of Ϫ10, 0, 5, 10, 20, 30, 40, and 50ЊC. Sample temperature during pressure application strongly influenced the efficiency of HAV inactivation. Elevated temperature (Ͼ30ЊC) enhanced pressure inactivation of HAV, while lower temperatures resulted in less inactivation. For example, 1-min treatments of 400 MPa at Ϫ10, 20, and 50ЊC reduced titers of HAV by 1.0, 2.5, and 4.7 log PFU/ml, respectively. Pressure inactivation curves of HAV were obtained at 400 MPa and three temperatures (Ϫ10, 20, and 50ЊC). With increasing treatment time, all three temperatures showed a rapid initial drop in virus titer with a diminishing inactivation rate (or tailing effect). Analysis of inactivation data indicated that the Weibull model more adequately fitted the inactivation curves than the linear model. Oscillatory high-pressure processing for 2, 4, 6, and 8 cycles at 400 MPa and temperatures of 20 and 50ЊC did not considerably enhance pressure inactivation of HAV as compared with continuous high-pressure application. These results indicate that HAV exhibits, unlike other viruses examined to date, a reduced sensitivity to high pressure observed at cooler treatment temperatures. This work suggested that slightly elevated temperatures are advantageous for pressure inactivation of HAV within foods.
Foodborne illness caused by hepatitis A virus (HAV)
is a worldwide problem. Foods often implicated in outbreaks include molluscan shellfish, such as oysters and clams, and fresh produce, such as berries and green onions. These foods are frequently consumed raw and may have been extensively handled or unintentionally subjected to fecal contamination. HAV is hardy to environmental stresses and notably resistant to heat inactivation (1, 12) . It can survive in seawater for more than a month (5) and has been detected in live shellfish 6 weeks after exposure (19) . The virus is resistant to freezing as readily demonstrated by outbreaks associated with frozen produce (23) .
Recently, high hydrostatic pressure has been implemented on the U.S. Gulf and West coasts for commercial oyster processing, principally because it can facilitate the oyster shucking process and extend the shelf life of raw oysters without significantly affecting sensory qualities (16, 21) . High pressure can also inactivate HAV; 450 MPa for 5 min at room temperature (approximately 21ЊC) reduced the titer of HAV in tissue culture medium by more than 7 log PFU/ml (18) . Calci et al. (4) found that treatment at 400 MPa and 9ЊC for 1 min reduced the titer of HAV by 3.2 log units in oysters. Inactivation of HAV in strawberry puree and green onions has also been demonstrated. A treatment of 375 MPa for 5 min at room temperature resulted in reductions of 4.3 and 4.8 log PFU/g for strawberries and green onions, respectively (17) .
A number of reports have indicated that the dissocia-tion and denaturation of proteins and viruses by pressure is promoted by low temperature (13, 20, (32) (33) (34) . Oliveira et al. (24) examined the combined effect of pressure and low temperature on the stability of foot-and-mouth disease virus (FMDV (10) . Given that temperature can dramatically influence the effectiveness of high-pressure processing of viruses, evaluating the inactivation of HAV at different temperatures was warranted. Studies have shown that oscillatory high-pressure processing (cycling between high pressure and atmospheric pressure) enhances microbial inactivation compared with continuous high-pressure processing. Bradley et al. (3) found that inactivation of phage was improved by repeated cycling from atmospheric pressure to 275 MPa. For an equal holding time of 7.5 min at 275 MPa, phage was inactivated by an additional 2 log PFU/ml as the number of cycles increased from 1 to 5. Hayakawa et al. (15) developed a method of sterilizing Bacillus stearothermophilus spores using oscillatory high pressure. Spores with initial counts of 10 6 CFU/ml were completely inactivated (Ͻ1 CFU/ml) through six cycles (5 min holding time per cycle) of oscillatory pressurization at 70ЊC and 600 MPa, but inactivation was not complete within 60 min with continuous pressurization under the same conditions. Four pressurization cycles at 600 MPa at 5 min per cycle decreased the spore count from 10 6 to 10 2 CFU/ml, and six cycles decreased the count from 10 6 to Ͻ1 CFU/ml.
The objectives of this study were to determine the effect of temperature on pressure inactivation of HAV and to compare the effect of continuous and oscillatory high-pressure treatments on HAV inactivation.
MATERIALS AND METHODS
Assay of HAV samples. HAV was obtained from the American Type Culture Collection (Manassas, Va.) as VR1402, a cell culture-adapted cytopathic clone of strain HM-175/18f. The virus was propagated on fetal rhesus monkey kidney (FRhK-4) cells. All viral stocks were stored at Ϫ70ЊC in DMEM (Gibco-BRL, Gaithersburg, Md.) with 10% fetal bovine serum (Gibco-BRL) prior to use. After pressure treatment, 2 ml of virus stock or 2 ml of 10-fold serial dilutions made with Earle's balanced salt solution were used to perform plaque assays in triplicate using confluent FRhK-4 cells in 100-mm dishes as described by Richards and Watson (30) . Briefly, 10-fold serial dilutions of pressure-treated HAV samples, made in Earle's balanced salt solution (Gibco-BRL), were used to inoculate confluent 100-mm dishes of FRhK cells. After 2 h, the plates were overlaid with DMEM medium with 5% fetal bovine sera and 1% agarose (Sigma-Aldrich, St. Louis, Mo.). At 14 to 17 days postinoculation, HAV was inactivated by 5% formaldehyde treatment, the agarose overlay was removed and HAV plaques were visualized by crystal violet staining (Fisher Scientific, Kalamazoo, Mich.).
Effect of temperature on pressure inactivation of HAV.
One milliliter of HAV suspended in DMEM with 10% fetal bovine serum was transferred into polyester Scotchpak pouches (Kapak 500, Minneapolis, Minn.) and heat sealed using an Impulse Food Sealer (American International Electric, Whittier, Calif.). Pressurization of samples was carried out using a high-pressure unit with temperature control (model Avure PT-1, Avure Technologies, Kent, Wash.). Water was used as the hydrostatic medium for temperatures Ͼ0ЊC and a mixture of water and propylene glycol (1:1) for temperatures Յ0ЊC. A circulating bath surrounded the pressure cell to control temperature. Required immersion time was 5 min for the center of a HAV sample to equilibrate to the target temperatures. Temperatures for the water bath and samples inside the chamber during pressurization were monitored using K-type thermocouples. The temperature and pressure data were recorded every 2 s (Dasytec, Bedford, N.H.).
Pressurization of samples was conducted at 300 MPa for 5 min, 350 MPa for 1 min, and 400 MPa for 1 min at initial sample temperatures of Ϫ10, 0, 5, 10, 20, 30, 40, and 50ЊC. The comeup time (time for pressure to increase from atmospheric pressure to the target pressure) was 14 s for 300 MPa, 16 s for 350 MPa, and 18 s for 400 MPa. The pressure-release time was Ͻ4 s for all samples. Pressurization time reported in this study did not include pressure come-up or release times. Temperature increases during pressure treatment due to adiabatic heating were 2.0, 2.8, 2.1, 2.5, 2.9, 3.3, and 3.8ЊC per 100 MPa at initial sample temperatures of Ϫ10, 0, 10, 20, 30, 40, and 50ЊC, respectively (10) . Three independent trials were conducted for all samples.
Pressure inactivation kinetics of HAV.
Since temperature played a significant role in pressure inactivation of HAV and 400 MPa was the most effective pressure level against HAV, inactivation curves of HAV were obtained at 400 MPa and initial sample temperatures of Ϫ10, 20, and 50ЊC. Samples were pressurized for selected time intervals and titers of HAV in the samples before and after pressure treatment were determined. Three independent trials were conducted. The linear and one nonlinear (Weibull) models were used in this study to describe the inactivation curves. The Weibull model was successfully used in our laboratory to describe pressure inactivation of FCV (10) .
The inactivation of microorganisms by heat and other processing methods has been traditionally assumed to follow firstorder kinetics (linear model) (31) :
where N 0 is the initial number of virus (PFU per milliliter), N is the number of survivors after an exposure time t (PFU per milliliter), D (decimal reduction time) is the time required to destroy 90% of the virus (min) and is a measure of the resistance of a virus to lethal treatments, and t is the treatment time (minutes). The Weibull model assumes lethal events as probabilities and inactivation curves as the cumulative form for a distribution of lethal events. This is described by the following equation:
where b and n are the scale and shape factors, respectively (26) . The Weibull distribution corresponds to a concave upward survival curve if n Ͻ 1, concave downward if n Ͼ 1, and linear if n ϭ 1.
The mean square error (MSE) was used to compare the different models. The smaller the MSE values, the better the model to fit the data (22) . The MSE is calculated using the following equation:
where n is the number of observations and p is the number of parameters to be estimated.
Inactivation curves were fitted using the PROC REG procedure of SAS (release 8.2, SAS Institute, Inc., Cary, N.C.) for the linear model and the PROG NLIN procedure of SAS for the nonlinear models.
Effect of oscillatory high-pressure treatment on HAV inactivation. Oscillatory high-pressure treatment was investigated to determine whether it could be used to enhance HAV inactivation. Since HAV was most resistant to continuous pressure at Ϫ10ЊC, this part of the study was only conducted at 20 and 50ЊC. Oscillatory high pressure, cycling between 400 MPa and atmospheric pressure with 2, 4, 6, and 8 cycles, was used. The holding times at target pressure for each cycle were 1 min for 20ЊC treatment and 0.5 min for 50ЊC treatment. Three independent trials were conducted. 
RESULTS
The effect of temperature on pressure inactivation of HAV is shown in Figure 1 . For treatment of 400 MPa for 1 min, the lower the temperature was, the more resistant was HAV. For example, a 1-min treatment of 400 MPa at Ϫ10, 20, and 50ЊC reduced the titers of HAV by 1.0, 2.5, and 4.7 log PFU/ml, respectively. The reductions in titers of HAV among these three temperatures were significantly different (P Ͻ 0.05). For treatment at 350 MPa for 1 min, HAV had similar pressure resistance when it was treated at Ϫ10, 0, 5, 10, 20, and 30ЊC (not significantly different, P Ͼ 0.05). When the treatment temperature was greater than 30ЊC, the pressure sensitivity of HAV increased with increasing temperature. A 1-min treatment at 350 MPa and 50ЊC reduced the titers of HAV by 2.4 log PFU/ml, while at Ϫ10ЊC the same treatment reduced titers by 0.9 log PFU/ ml, respectively. The reductions in titers between these two temperatures were significantly different (P Ͻ 0.05). Treatment at 300 MPa for 5 min had only limited effects against HAV; temperatures of Ϫ10 to 50ЊC did not significantly affect pressure inactivation of HAV with reductions between 0.6 to 1.3 log PFU/ml. Treatment of 300 MPa at 50ЊC only reduced the titers of HAV by 0.8 log PFU/ml. It could be inferred from this result that high temperature alone (50ЊC) was not sufficient to inactivate HAV. This is reasonable since HAV is known to be resistant to heat (1) .
Since temperature significantly affected pressure inactivation of HAV at 400 MPa, the inactivation curves of HAV at 400 MPa were obtained at three temperatures so that the pressure resistances of HAV at different temperatures could be compared at different times (Fig. 2) In general, application of high pressure at 50ЊC was the most effective for inactivation of HAV, while Ϫ10ЊC was the least effective. During the 18-s come-up time, titers of HAV were reduced by 0.0, 0.4, and 2.8 log PFU/ml at Ϫ10, 20, and 50ЊC, respectively. When treatment times were greater than 10 min, treatment at Ϫ10ЊC and 400 MPa had a similar inactivation rate as treatment at 20ЊC (Fig. 2) . For example, a 20-min treatment reduced the HAV titers by 4.3 log PFU/ml for Ϫ10ЊC and 4.1 log PFU/ml for 20ЊC. The three inactivation curves had a similar shape, with a rapid drop in titer at the beginning and a long tail at the end (Fig.  2) . This tailing was more pronounced when HAV was exposed to 400 MPa at 50ЊC. A treatment of 400 MPa for 0.5 min at 50ЊC reduced the titer of HAV by 4.1 log PFU/ ml; however, extending the treatment time to 10 min only reduced the titer by an additional 0.8 log PFU/ml.
Microbial reductions obtained during come-up times are not used in mathematical modeling since these reductions are uniquely dependent on the individual pressure unit. To eliminate this come-up time dependency, the inactivation data during the holding time periods (without the data during the come-up time periods) were fitted with linear and Weibull models. Visual inspection of the inactivation curves indicated that the linear model was not appropriate in describing the data and that the nonlinear model was better in describing these inactivation curves. This observation was confirmed by comparing the goodness-of-fit of the linear and nonlinear models using MSE values. The MSE values of the linear model were 1.40, 2.50, and 0.98 for Ϫ10, 20, and 50ЊC, respectively. The MSE values of the Weibull model were 0.28, 0.11, and 0.04 for Ϫ10, 20, and 50ЊC, respectively.
Since extended treatment times at 400 MPa did not completely eliminate HAV, oscillatory high-pressure treatment was investigated to determine whether it could be used to enhance pressure inactivation of HAV. Oscillatory high-pressure treatment was conducted at 20 and 50ЊC. Oscillatory high-pressure treatment at Ϫ10ЊC was not conducted, since this temperature was not as effective in the inactivation of HAV as 20 and 50ЊC ( Figs. 1 and 2) . Oscillatory high-pressure treatment offered no distinct advantage over continuous high-pressure treatment at 20 and 50ЊC, as only slightly greater inactivation (not statistically significant, P Ͼ 0.05) was observed for pressure oscillation (Figs. 2 and 3) . Oscillatory high-pressure treatment at 20ЊC for 2 and 8 cycles (hold times at pressure were 2 and 8 min) reduced the titers of HAV by 2.9 and 3.9 log PFU/ ml, respectively ( Fig. 3) , while continuous high-pressure treatment at this temperature reduced the titers by 3.0 and 3.6 log PFU/ml for treatment times of 2 and 8 min, respectively (Fig. 2) . Oscillatory high-pressure treatment at 50ЊC for 2 and 8 cycles (hold times at pressure were 1 and 4 min) reduced the titers of HAV by 4.6 and 5.1 log PFU/ ml, respectively (Fig. 3) , while continuous high-pressure treatment at this temperature reduced the titers by 4.4 and 4.9 log PFU/ml for treatment times of 1 and 10 min, respectively (Fig. 2) . In comparison with continuous highpressure treatment, the 2-, 4-, 6-, and 8-cycle high-pressure treatments had an additional 1, 3, 5, and 7 come-up time periods (additional treatment times of 0.3, 0.9, 1.5, and 2.1 min, respectively), which could contribute to the inactivation of HAV.
DISCUSSION
Low temperature (Ͻ20ЊC) did not increase pressure inactivation of HAV as reported in previous studies involving other viruses (2, 3, 10, 13, 14, 24, 32, 33) . Our results indicated that temperatures Ͻ20ЊC decreased pressure inactivation of HAV. To enhance inactivation of HAV, highpressure processing should be conducted at temperatures above 30ЊC and pressure levels Ն350 MPa. Slightly elevated temperature (Ͼ30ЊC) enhanced pressure inactivation of HAV, which is consistent with results for other pathogens tested to date, such as FCV (10) , bacteria (6, 7, 27, 28) , and yeast (29) . Chen et al. (10) reported that a 4-min treatment of 200 MPa at 50ЊC reduced the titer of FCV by 4.0 log PFU/ml, while at 20ЊC the same treatment only reduced titer by 0.3 log PFU/ml. Carlez et al. (6) found that elevated temperature enhanced the destruction of Citrobacter freundii, Pseudomonas fluorescens, and Listeria innocua in minced beef muscle; 50ЊC was the most effective among the four temperature levels studied (4, 20, 35, and 50ЊC) . For yeast, the D-values of Zygosaccharomyces bailii at 220 MPa were 10.1, 25.9, 39.0, 15.5, 10.1, and 1.9 min at Ϫ1, 10, 20, 30, 40, and 45ЊC, respectively (29) .
Comparison of pressure-inactivation curves for HAV with those reported for FCV (10) , phage (11), Yersinia enterocolitica (8) , and L. monocytogenes (9) indicates strong similarity in the shapes of the curves, characterized by rapid reduction of counts or titers at the beginning of pressurization followed by tailing. These tails indicated that a small HAV population was very resistant to pressure. Increasing the treatment time did not considerably reduce the titers of this pressure-resistant population. For example, a treatment of 400 MPa for 2 min at 20ЊC reduced HAV population by 3.0 log PFU/ml; however, extending the treatment time to 20 min only increased reduction by an additional 1.1 log PFU/ml. Possible explanations for this observation may be that there are heterogeneous sensitivities to pressure within the HAV populations. Regardless, this observation indicates that it was not desirable to extend treatment time to increase pressure inactivation of HAV. A more effective way for HAV inactivation would be to increase the pressure level so that the treatment time could be substantially reduced. The nonlinear inactivation curves also indicated that the concept of D-and z-values used in the linear model could not be used in high-pressure inactivation of HAV. The nonlinear model, Weibull, should be used in describing these inactivation curves.
When HAV samples were treated at 400 MPa and 20ЊC or 400 MPa and 50ЊC, oscillatory high-pressure treatment did not significantly increase HAV inactivation compared with continuous high-pressure treatment. These results differ from the results reported for phage (3) and Z. bailii (25) . For example, Palou et al. (25) evaluated the inactivation of Z. bailii by oscillatory high-pressure and continuous high-pressure treatments. Oscillatory pressure treatments increased the effectiveness of high-pressure processing. For equal holding times, Z. bailii counts decreased as the number of cycles increased. At 276 MPa oscillatory high-pressure processing for 3 cycles (5 min per cycle) reduced the counts by 6.2 log PFU/ml, while continuous high-pressure treatment for 15 min reduced the counts by 5.0 log PFU/ml. In addition to the observation that oscillation did not enhance pressure inactivation of HAV, oscillatory processing is not desirable since it increases energy consumption and shortens the life of a pressure unit. Therefore, we do not advocate pressure oscillation for inactivation of HAV.
For a given food product, the processing parameters that affect pressure inactivation of HAV in the product are the pressure level, hold time at pressure, and treatment temperature. Since the costs of high-pressure processing and food quality are related to these three processing parameters, the effect of these parameters on HAV inactivation needs to be clearly understood so that optimum processing conditions can be selected.
In conclusion, temperature strongly influenced pressure inactivation of HAV. Unlike other viruses tested to date, HAV was more resistant, rather than less resistant, to high pressure at freezing and refrigeration temperatures than at room temperatures. Greater inactivation was observed when high-pressure processing was performed at a higher temperature (Ͼ30ЊC). These results suggest that mild heat (Ͼ30ЊC) may reduce the pressure level needed to cause the desired level of virus inactivation. Pressure oscillation was also evaluated in comparison to continuous pressure application. Only minimal differences in HAV inactivation were observed between continuous and oscillatory high-pressure treatments. Oscillatory high-pressure treatment is probably of limited value, since it is a more expensive method and only minimal enhancement of HAV inactivation was observed. The inactivation curves of HAV in tissue culture showed upward curvatures and tailings, indicating that the linear regression approach was not adequate for describing pressure inactivation of HAV. The Weibull model allowed for more accurate description of the inactivation kinetics of HAV.
